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The o b j e c t i v e s  o f  t h i s  program a r e  t o  i nc rease  understanding of 
Thermal B a r r i e r  Coa t ing  (TBC) degreda t ion  and f a i l u r e  modes, t o  generate 
q u a n t i t a t i v e  ceramic f a i l u r e  l i f e  da ta  under c y c l i c  thermal c o n d i t i o n s  
which s i m u l a t e  those encountered i n  gas t u r b i n e  engine s e r v i c e ,  and t o  
develop an a n a l y t i c a l  methodology f o r  p r e d i c t i o n  o f  c o a t i n g  l i f e  i n  t h e  
engine. 

T h i s  program i s  b e i n g  conducted i n  two phases. The f i r s t  phase, which 
i s  complete, was conducted w i t h  a plasma depos i ted  thermal b a r r i e r  c o a t i n g  
system, des igna ted  PWA 264, which c u r r e n t l y  i s  b i l l - o f - m a t e r i a l  on v a r i o u s  
s t a t i o n a r y  t u r b i n e  components i n  seve ra l  commercial engines. The second 
phase, which was i n i t i a t e d  i n  J u l y  1987, w i l l  adapt t h e  plasma depos i ted  
l i f e  model t o  a more r e c e n t l y  developed e l e c t r o n  beam-physical vapor 
depos i ted  ceramic c o a t i n g ,  des ignated PWA 266, which has shown t h e  
p o t e n t i a l  t o  p r o v i d e  up t o  t e n  t imes t h e  c y c l i c  thermal c o a t i n g  d u r a b i l i t y  
of t h e  plasma depos i ted  c o a t i n g .  These two c o a t i n g s  a r e  compared i n  
F i g u r e  1. 

Phase I - Plasma Deposi ted Ceramic 

Phase I observa t i ons  o f  deg reda t ion  and f a i l u r e  modes i n  plasma 
depos i ted  ceramic i n d i c a t e  t h a t  spa1 l a t i o n  f a i l u r e  r e s u l t s  f rom p rog ress i ve  
c r a c k i n g  o f  t h e  ceramic p a r a l l e l  t o  and ad jacen t  t o ,  b u t  n o t  c o i n c i d e n t  
w i t h  t h e  meta l  -ceramic i n t e r f a c e .  
F i g u r e  2. F i g u r e  3 shows t h e  p r o g r e s s i v e  accumulat ion of  ceramic c r a c k i n g  
damage i n  l a b o r a t o r y  specimens suspended f rom t e s t  a t  v a r i o u s  f r a c t i o n s  of 
t h e i r  s p a l l a t i o n  l i f e .  

T y p i c a l  ceramic f a i l u r e s  a r e  shown i n  

Phenomenological evidence ob ta ined  by bu rne r  r i g  t e s t i n g  o f  specimens 
pre-exposed i n  o x i d i z i n g  and n o n - o x i d i z i n g  environments i n d i c a t e s  t h a t  
o x i d a t i o n  i s  i n v o l v e d  i n  t h e  degreda t ion  process. Tes t  r e s u l t s  p l o t t e d  i n  
F i g u r e  4 c l e a r l y  show a s u b s t a n t i a l  r e d u c t i o n  o f  l i f e  f o r  a i r  pre-exposed 
specimens, w i t h  no such r e d u c t i o n  seen f o r  specimens pre-expcsed i n  Argon. 

Based on t h e  o b s e r v a t i o n  of mechanical f a i l u r e  w i t h i n  t h e  ceramic 
l a y e r ,  e f f o r t  was devoted t o  e x p l o r a t i o n  o f  ceramic mechanical behavior .  
s i g n i f i c a n t  c o n c l u s i o n  f rom t h i s  work was t h e  o b s e r v a t i o n  o f  s u b s t a n t i a l  
i n e l a s t i c  de fo rma t ion  a t  a1 1 temperatures f rom ambient t o  1204’C (2200°F). 
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U n i a x i a l  t e n s i l e  s t r e s s - s t r a i n  curves ob ta ined on t h e  plasma depos i ted  
ceramic a t  room temperature and 1204°C (2200°F) ( F i g u r e  5 )  c l e a r l y  show 
t h i s  n o n - l i n e a r  deformat ion.  A t y p i c a l  u n i a x i a l  compression s t r e s s - s t r a i n  
curve  ( F i g u r e  6 )  e x h i b i t s  a combinat ion of l i n e a r  and non- l inear  behav io r  
w i t h  s u b s t a n t i a l l y  h i g h e r  s t r e n g t h  than i n  tens ion .  A h y s t e r e s i s  l o o p  
ob ta ined by r e v e r s i n g  t h e  o r i e n t a t i o n  o f  a s t r a i n  gauged room temperature 
f o u r  p o i n t  bend specimen a t  zero  l o a d  ( F i g u r e  7 )  e x h i b i t s  s i g n i f i c a n t  
reversed i n e l a s t i c  s t r a i n .  
c r o s s i n g  a r e  thought  t o  r e s u l t  f rom s l i g h t  m a t e r i a l  recovery  d u r i n g  t h e  
t i m e  r e q u i r e d  t o  reverse  t h e  o r i e n t a t i o n  o f  t h e  specimen.) Evidence o f  
s i g n i f i c a n t  creep a t  982°C (1800°F) and of e x c e p t i o n a l l y  s t r e s s  s e n s i t i v e  
f a t i g u e  f a i l u r e  ( b  ~ 5 0 )  a r e  shown i n  F i g u r e  8. 

F o l l o w i n g  t h e  approach o f  M i l l e r  (11, an e x i s t i n g  f a t i g u e  model was 
s e l e c t e d  as t h e  bas is  f o r  t h e  TBC l i f e  p r e d i c t i o n  model ( F i g u r e  9) .  The 
mechanical damage d r i v e r  i n  t h i s  model i s  i n e l a s t i c  s t r a i n  range (Aci ).  
Environmental  degradat ion  i s  accounted f o r  by i n c o r p o r a t i n g  t h e  p r o p o r t i o n -  
a l i t y  cons tan t  i n  t h e  exponent ia l  term and causing i t  t o  be dependent on 
progress ive  o x i d a t i o n  damage ( F i g u r e  10). 

To c a l c u l a t e  i n e l a s t i c  s t r a i n  range f o r  i n c o r p o r a t i o n  ir, t h e  l i f e  
model, ceramic c o n s t i t u i t i v e  behavior  was f i t t e d  t o  a t i m e  dependent 
i n e l a s t i c  model developed by Walker ( 2 ) .  An example o f  t h e  a p p l i c a t i o n  o f  
t h i s  model is shown in Figure 11, where calculated tensile and compressive 
s t r a i n s  a r e  compared w i t h  measured data.  A. Walker model c a l c u l a t i o n  o f  
ceramic s t r e s s - s t r a i n  behav io r  f o r  a t y p i c a l  TBC thermal c y c l e  ( F i g u r e  12) ,  
c l e a r l y  shows the  l a r g e  amount of reversed i n e l a s t i c  s t r a i n  produced by 
thermal c y c l i n g  o f  t h e  TBC system. 

( "K inks"  i n  t h i s  curve  a t  t h e  zero l o a d  

- 

P r e d i c t i o n  of o x i d e  th ickness  as a f u n c t i o n  of  t i m e  and temperature 
f o r  i n c o r p o r a t i o n  i n  t h e  l i f e  model was based on an o x i d a t i o n  model 
developed a t  NASA ( 3 ) .  Constants f o r  t h i s  model were e s t a b l i s h e d  by 
c o r r e l a t i o n  o f  o x i d e  th ickness  measured on l a b o r a t o r y  exposed specimens o f  
t h e  thermal b a r r i e r  c o a t i n g  system ( F i g u r e  13). 

Exper imental  TBC s p a l l a t i o n  l i f e  data f o r  c a l i b r a t i o n  o f  t h e  l i f e  
model cons tan ts  was ob ta ined from c y c l i c  burner  r i g  t e s t s  of a r o t a t i n g ,  
e x t e r n a l l y  heated and i n t e r n a l l y  cooled h o l l o w  c y l i n d r i c a l  specimen 
i l l u s t r a t e d  i n  F i g u r e  14. 
c y c l e  temperature and t i m e  a t  maximum temperature)  were v a r i e d  i n  each t e s t  
t o  v a r y  t h e  r e l a t i v e  emphasis on each o f  t h e  two p r i m a r y  l i f e  d r i v e r s  
( i n e l a s t i c  s t r a i n  range and ox ide  t h i c k n e s s )  as i l l u s t r a t e d  i n  F i g u r e  15. 
Resu l ts  o f  twenty such t e s t s  were c o r r e l a t e d  w i t h  t h e  l i f e  model t o  produce 
b e s t  f i t  values of t h e  model constants  shown i n  F i g u r e  16. Resu l ts  of t h i s  
c o r r e l a t i o n  show c a l c u l a t e d  l i f e  t o  be w i t h i n  a f a c t o r  o f  +3 o f  observed 
l i f e  f o r  n ine teen o f  t h e  twenty exper imenta l  r e s u l t s  ( F i g u r e  17).  
t w e n t i e t h  da ta  p o i n t  c o u l d  n o t  be c o r r e c t l y  p r e d i c t e d  w i t h  any reasonable 
v a r i a t i o n  o f  t h e  model constants ,  and i s  assumed t o  be i n  e r r o r .  

Burner r i g  t e s t  c o n d i t i o n s  (maximum and minimum 

The 
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, 
To s u b s t a n t i a t e  t h e  l i f e  p r e d i c t i o n  model, s i x  a d d i t i o n a l  t e s t s  were 

conducted, f o u r  u s i n g  t h e  p r e v i o u s l y  descr ibed burner  r i g  t e s t  method and 
two u s i n g  a r a d i a n t  source t o  heat  a f l a t  panel coated w i t h  plasma TBC. 
The pr imary  d i f f e r e n c e s  i n  t h e  two t e s t  methods a r e  t h e  specimen geometry 
and t h e  s u b s t a n t i a l l y  h i g h e r  heat  f l u x  ob ta ined from t h e  r a d i a n t  source, 
which more c l o s e l y  s imu la tes  t h a t  exper ienced i n  t h e  gas t u r b i n e  engine. 
Resu l ts  o f  these t e s t s  a r e  i n c l u d e d  i n  F i g u r e  17, and a r e  seen t o  be w i t h i n  
t h e  +3X d e v i a t i o n  band, thus s u b s t a n t i a t i n g  t h e  p r e d i c t i o n  c a p a b i l i t y  o f  
t h e  model. 

To summarize r e s u l t s  of t h e  f i r s t  phase o f  t h i s  program, plasma de- 
p o s i t e d  TBC ceramic s p a l l a t i o n  has been observed t o  r e s u l t  from progress ive  
near  i n t e r f a c i a l  c r a c k i n g  o f  t h e  ceramic. Phenomenological evidence 
i n d i c a t e s  t h a t  i n t e r f a c i a l  o x i d a t i o n  acce le ra tes  t h i s  process. Mechanical 
behav io r  o f  t h e  ceramic has been found t o  be unusual, e x h i b i t i n g  h i g h l y  
i n e l a s t i c  s t r e s s  s t r a i n  behav io r  a t  ambient temperature,  creep, f a t i g u e ,  
and c y c l i c a l l y  r e v e r s i b l e  i n e l a s t i c  deformation. 
has been developed which i n c o r p o r a t e s  c y c l i c  i n e l a s t i c  s t r a i n  and 
i n t e r f a c i a l  o x i d a t i o n  as t h e  p r i m a r y  degredat ion modes. T h i s  model has 
been shown t o  c o r r e l a t e  c y c l i c  thermal s p a l l a t i o n  l i f e  r e s u l t s  w i t h i n  a 
f a c t o r  o f  -+3 over  a broad range of r e l a t i v e  mechanical and o x i d a t i v e  
exposure s e v e r i t i e s .  

A l i f e  p r e d i c t i o n  model 

PHASE I1 - E l e c t r o n  Beam-Physical Vapor Deposi ted Ceramic 

The goa ls  o f  t h e  second phase o f  t h i s  program a r e  s i m i l a r  t o  those o f  
t h e  f i r s t  phase; t h a t  i s ,  t o  understand t h e  degredat ion  and f a i l u r e  modes 
of t h e  E l e c t r o n  Beam-Physical Vapor Deposi ted ceramic shown on t h e  r i g h t  i n  
F i g u r e  1, t o  generate q u a n t i t a t i v e  f a i l u r e  data,  and t o  develop a l i f e  
p r e d i c t i o n  model f o r  t h i s  ceramic. 

P r e l i m i n a r y  r e s u l t s  show t h e  EB-PVD ceramic t o  be a t  l e a s t  four  t o  t e n  
t imes as s p a l l a t i o n  r e s i s t a n t  as t h e  plasma deposi ted ceramic, depending on 
t h e  r e l a t i v e  s e v e r i t i e s  o f  t h e  o x i d a t i v e  vs. mechanical damage induced by 
exposure ( F i g u r e  18). ( I n  some of these t e s t s ,  f a i l u r e  o f  t h e  specimen was 
i n i t i a t e d  by thermal f a t i g u e  c r a c k i n g  o f  t h e  B-1900 + H f  subs t ra te ,  
suggest ing t h a t  t h e  l i f e  inc rease of t h e  EB-PVD ceramic may be g r e a t e r  than 
t h a t  shown i n  F i g u r e  18). T h i s  r e l a t i v e  d u r a b i l i t y  improvement has been 
s u b s t a n t i a t e d  i n  s ide-by-s ide  f i e l d  s e r v i c e  t e s t i n g  o f  plasma and EB-PVD 
ceramic, as shown i n  F i g u r e  19. 
shows t h e  f a i l u r e  mode t o  be d i f f e r e n t  f rom plasma TBC. 
system f a i l s  as a r e s u l t  o f  c r a c k i n g  i n  t h e  ceramic l a y e r ,  EB-PVD ceramic 
f a i l u r e  occurs predominant ly  a t  t h e  metal-ceramic i n t e r f a c e ,  as shown i n  
F i g u r e  20. 

Examinat ion of s p a l l e d  EB-PVD ceramic 
Whereas t h e  plasma 

The approach which w i l l  be taken t o  model t h e  s p a l l a t i o n  l i f e  o f  t h e  
EB-PVD ceramic c o a t i n g  i s  o u t l i n e d  i n  F i g u r e  21. The program o b j e c t i v e s  
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w i l l  be accomplished i n  f o u r  tasks,  numbered V through V I I I .  Task V w i l l  
i n v o l v e  e v a l u a t i o n  and model ing o f  EB-PVD ceramic mechanic behavior ,  w h i l e  
i n  Task V I ,  o x i d a t i o n  a t  t h e  metal-ceramic i n t e r f a c e  w i l l  be measured and 
modeled, 
range o f  r e l a t i v e  o x i d i z i n g  and mechanical s e v e r i t i e s  i n  Phase V I I ,  and i n  
Phase V I I I  s u b s t a n t i a t i o n  t e s t s  w i l l  be conducted t o  v e r i f y  t h e  model. I t  
i s  a n t i c i p a t e d  t h a t  t h i s  e f f o r t  w i l l  t a k e  f i f t e e n  months s t a r t i n g  f rom 
J u l y  1987. 

Q u a n t i t a t i v e  l i f e  data w i l l  be generated and modeled o v e r  a broad 
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Figure 4 Phenomenological Evidence Suggests Environmental Interaction 
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Figure 5 Ceramic Tensile Deformation Completely Inelastic 
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Figure 6 Ceramic Compressive Deformation is Elastic/Inelastic 
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F i g u r e  7 Reversed Deformat ion E x h i b i t s  S i g n i f i c a n t  H y s t e r e s i s  
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Creep rate, Hr-l Fatigue cycles to failure 

F i g u r e  8 Ceramic E x h i b i t s  S i g n i f i c a n t  Creep and F a t i g u e  
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Mechanical driver Environmental dr ver 
based on inelastic modifies fatigue 

fatigue model resistance 

F i g u r e  9 L i f e  P r e d i c t i o n  Model I n c o r p o r a t e s  Mechanical and Envi ronmenta l  
D r i v e r s  

N, = ( Aci /A€,) 

I 
Ac, = AEfo (1 - 6/6,) + Aci (6/6,) 

Oxide - f ree Oxide Critical 
failure thickness oxide 
strain thickness 

F i g u r e  10 Envi ronmenta l  D r i v e r  M o d i f i e s  F a t i g u e  Res is tance  
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(NAS 3-22055) 
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F i g u r e  11 Ceramic Behav io r  Modeled Wi th  Walker E q u a t i o n  

F i g u r e  12 Walker Model P r e d i c t s  La rge  Reversed I n e l a s t i c  S t r a i n  Range 
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F i g u r e  14 Design Data Generated Wi th  I n t e r  T a l  l y  Cooled Specimen 
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F i g u r e  15  Design Data Tes ts  Cover Wide Range o f  Mechanical and Oxide Induced 
Damage 

Nf = (Aei/[Aefo (1 - 6/6,) +nei (6/6,)])b 

= 0.0040; static failure strain 

= 0.000370 in.; critical oxide thickness 

AEfo 

6, 

b = -10.87 

F i g u r e  16 C o r r e l a t i o n  of Design Data P rov ides  "Best F i t "  Constants  

396 



Calculated 
cycle life 

10000 

1000 

100 

10 

0 Design data tests 

0 Substantiation tests - quartz lamp heater 
Substantiation tests - burner rig 

lor 
Relative 
coating 5 

life 

10 1 00 1000 

Observed cycle life 
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Figure 18 EB-PVD Ceramic Benefits Are Cycle Dependent 
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Figure 19 EB-PVD Ceramic Engine Evaluation 

Figure 20 EB-PVD Ceramic Fails at Interface 
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Task V Evaluate mechanical driver 
Property evaluation 
Modeling 

Task VI Evaluate environmental driver 
Measure oxidation kinetics 
Modeling 

Task VI1 Life correlation 
Generate life data 
Correlate model 

Task Vlll Verification testing 

Figure 21 Phase  I 1  Program Approach 
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